The crystal structures of the following three stereoisomers have been determined:
laboratories in the 1970's. This has led to the synthesis and the pharmacological evaluation of all stereoisomers of 5-[2-bis(1-methylpropyl)amino]-l-hydroxyethyl]-l-[(2chlorophenyl)methyl]-2-pyrrolidinone, (2) (Napoletano et al., 1995) .
The biological data clearly showed how the stereochemistry of compounds (2) deeply influenced their affinity towards the opioid receptors and the related analgesic activity.
Elucidation of the influence of the stereogenic centres of the di-sec-butyl chains on the conformation of the whole molecule may provide an explanation of the stereochemical requirements for binding to the receptor. Accordingly, X-ray crystal structure analyses Tables 4, 5 and 6 present some selected bond distances and angles. As can be seen from Fig. 1 , the most relevant differences involve the conformation about the central C11--C12(O2)----C13mN2 chain. The orientation of the C--OH group with respect to the plane through the pyrrolidinone ring is defined by the torsion angle rl -N1--Cl1---C12---O2: with respect THREE ISOMERS OF C21H33ClN202 to Cll--N1, the C12--O2 bond is (+)-antiperiplanar in (2a) ['rl = 178.9(7)°], (-)-synperiplanar in (2b) ['rl = -29.7(6) °] and (+)-synclinal in (2c) ['rl = 54.2 (4)°]. The orientation of the same C--OH group with respect to the di-sec-butylamino group is defined by the torsion angle "r2 = O2--C12--C13--N2: with respect to C 13--N2, the C 12--02 bond is (-)-synclinal in (2a) ['rE = --71.7(9)°], (--)-antiperiplanar in (2b) ['r2 = -164.1 (4) °] and (-)-synclinal in (2c) ['r2 = -45.6 (4)°]. The differences between these values are relevant and related to the behaviour of the OH group in hydrogen bonding.
As shown by the three projections of Fig. 2 that illustrate packing in the crystals of the three isomers, an intermolecular hydrogen bond is the most relevant packing interaction for (2a) and (2b), while for (2c) the OH group is involved in an intramolecular hydrogen bond and packing involves only normal van der Waals interactions. Table 7 contains the relevant geometry of these hydrogen bonds.
These different hydrogen-bonding arrangements rationalize the differences observed in the melting points, which are 345-346 K for (2a), 337-338 K for (2b) and 321-322 K for (2c); i.e. the difference is only of 8 K between the values for (2a) and (2b) that form intermolecular hydrogen bonds, whereas the melting point is much lower (by 16-24K) for (2c) whose packing involves only van der Waals interactions.
The orientation of the lone pair (LP) at N2, the direction of which was calculated as that of the straight line equidistant from the C atoms attached to N2, is defined by the 7"3 ----LPmN2---C13-----CI2 torsion angle: with respect to the C12--C13 bond the LP direction is (+)-synperiplanar in (2a) ['13 = 27 (2)°], (-)-synclinal in (2b) [73 = -33 (2)°], (+)-synperiplanar (or synclinal) in (2c) ['r3 = 30 (1)°], i.e. (2b) has opposite chirality to (2a) and (2c).
The torsion angle "r4 = N1---C7----C6--C5 defines the orientation of the phenyl group with respect to the pyrrolidinone ring: the N1-----C7 bond is synperiplanar to C5---C6 in all the three isomers, but with some twisting in (2b), the values of 7"4 being 0.3 (12), -17.7 (8) and -1.6(5) ° for (2a), (2b) and (2c), respectively. The planes through the phenyl and pyrrolidine rings tend to be orthogonal, the dihedral angles they form being 82.6 (3), 91.7(2) and 76.8 (1) ° for (2a), (2b) and (2c), respectively.
It is interesting to consider the calculated energy profiles (deposited) for the non-bonded interations in the isolated molecule obtained by rotating the chlorobenzyl (A) and the di-sec-butylamino hydroxyethyl (B) substituents (positive rotations are counterclockwise). The profiles obtained by rotating the A substituent are similar for all three isomers: a broad miminum occurs around the experimentally found position for the molecules packed in the crystals and there is a second narrower minimum shifted from the first by ca -170 ° . These two minima are separated by high energy barriers due to the steric hindrance encountered mainly between the benzyl H atoms and the O1 ketoatom, the H atom bound to C 11, the central chain methylene groups and the ethyl of the sec-butyl group. The height of these barriers is such as to prevent any change of conformation by simple rotation about the N1----C7 bond.
Much greater differences are found between the profiles obtained by rotating the B substituent: those of (2a) and (2c) are similar and unlike that of (2b). The profiles of (2a) and (2c) show three minima, two being shifted by ca -100 and +150 ° with respect to the third, which corresponds to the conformation found in the crystal. These minima are separated by low energy barriers, not exceeding 40 kJ mo1-1, due to steric hindrance exerted during rotation by the H atoms of methylene groups of the pyrrolidinone ring and of benzyl on those of the central chain methylene. Much higher barriers are found in the profile for (2b) where, in addition to the aforementioned hindrance, interactions between C1 and the benzyl-methylene H atoms are also present.
The energy surfaces (deposited) for the complete range of rotations about the N1--C7 (qOl) and Cll--C12 (cp2) bonds are similar for (2a) and (2c) and indicate some freedom of rotation about qo2 when qOl is ca 0 and -170 °, with high energy barriers for rotation about ~1. In contrast, for (2b) the minima are limited to regions near ~l = 0 and -170 ° which extend only towards the positive values of cp2.
It is important to note that only (2a) has marked pharmacological activity (Napoletano et al., 1995) . Hence, the energy profiles and surfaces, and the hydrogen-bonding arrangements observed in the three compounds suggest that the biological activity requires that rotation of the substituent carrying the hydroxyl group should not be greatly hindered and that this group should be free to form intermolecular hydrogen bonds; only when both requirements are met can the desired interaction between a molecule with the proper chirality and the receptor site take place.
Experimental
Preparation of (2a): A solution of epoxide (3) (15.4g, 61 mmol) and (R,R)-di-sec-butylanfine (8.1 g, 63mmol) in n-butanol (50 ml) was refluxed for 140h. The solvent was evaporated at reduced pressure and the residue was taken up with ethyl ether (200 ml) and extracted with hydrochloric acid 5% (200 ml). The aqueous phase was decolorized with charcoal, basified at pH 10 with potassium carbonate and extracted with diethyl ether (200 ml). The ether phase was dried on sodium sulfate and evaporated at reduced pressure; the residue was crystallized from hexane (50 ml). Compound (2a) (17.1 g) was obtained as a white solid, m.p. 345-346 K, [a]2o ° = -64.6 ° (c = 1%, methanol). 1H NMR [200 MHz, CDC13, 6 (p.p.m.)]: 7.36-7.12 (m, 4H); Ua = 4.92, ub = 4.63 (AB system, Jab = 15.6 Hz); 4.00 (broad signal, 1H); 3.66-3.54 (m, 2H); 2.60--1.80 (m, 8H); 1.45-1.12 (m, 4H); 1.80 (d, 6H); 0.84 (t, 6H).
(2b) was prepared as described for compound (2a) using (S,S)-di-sec-butylamine as starting material. M.p. 337-338 K (n-hexane, 84% yield, white solid), [a]2o ° = +24.8 ° (c = 1%, methanol). 1H NMR [200 MHz, CDCI3, 6 (p.p.m.)]: 7.32-7.10 (m, 4H); u,, = 4.95, ub = 4.39 (AB system, Jab = 15.8 Hz); 3.86 (ddd, 1H); 3.68 (broad signal, 1H); 3.37 (ddd, 1H); 2.66-2.14 (m, 6H); 2.10-1.78 (m, 2H); 1.57-1.00 (m, 4H); 0.96 (d, 3H); 0.88 (d, 3H); 0.82 (t, 3H); 0.79 (t, 3H). THREE ISOMERS OF C21H33CIN20 2 (2c) was prepared as described for compound (2a) 3.99 (broad signal, 1H); 3.61-3.47 (m, 2H); 2.60-2.28 (m, 5H); 2.16-1.74 (m, 3H); 1.594).91 (m, 4H); 0.95 (d, 3H); 0.88 (d, 3H); 0.81 (t, 3H); 0.80 (t, 3H). The integrated intensifies were obtained by a modified version (Belletti, Ugozzoli, Cantoni & Pasquinelli, 1979) of the Lehmann & Larsen (1974) peak-profile analysis procedure.
Compound (2a)
The structures were solved by direct methods and refined by anisotropic full-matrix least squares. Compounds (2b) and (2c) crystallize in polar space groups; the origin of the coordinate system for each of them was fixed automatically by the SHELXL93 program (Sheldrick, 1993) by using the algorithm of Flack & Schwarzenbach (1988) . All the H atoms were placed in calculated positions and refined isotropically riding on the attached atoms. Their U values were: for (2a), 1.5 × Ueq of the parent atom for all H atoms; for (2b), 1.2 × U~q of the parent atom for 20 H atoms, the remainder being refined singly; for (2c), a common U value, refined for each of three groups of H atoms.
The poor quality of the crystals of (2a) is the reason why its analysis is of lower accuracy than those of (2b) and (2c). Nevertheless, the results are good enough to support the discussion presented above. As shown by the atomic ellipsoids of Fig. 1 , the sec-butyl residues are affected by high thermal motion or disorder in all three analyses.
The absolute configurations, deduced from the values of the Flack (1983) index [-0.03 (7), -0.02 (4) and 0.12 (3) for (2a), (2b) and (2c), respectively] are in agreement with those expected on the basis of the chirality of the reagents used in the syntheses.
The calculations were carried out on the ENCORE91 and GOULD-POWERNODE 6040 computers of the Centro di Studio per la Strutturistica Diffrattometrica del CNR (Parma), and on a COMPAQ-486c portable computer.
For all compounds, data collection: local programs; cell refinement: LQPARM (Nardelli & Mangia,1984) ; data reduction: local programs; program(s) used to solve structures: SHELXS86 (Sheldrick, 1990) ; program(s) used to refine structures: SHELXL93 (Sheldrick, 1993) ; molecular graphics: OR-TEP (Johnson, 1965) , PLUTO (Motherwell & Clegg, 1978) ; software used to prepare material for publication: PARST (Nardelli, 1983 ), PARSTCIF (NardeUi, 1991 ; software used to perform non-bonded energy calculations: ROTENER (Nardelli, 1988) .
Lists of structure factors, anisotropic displacement parameters and H-atom coordinates have been deposited with the IUCr (Reference: MUll65). Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
